Objective. To investigate the effect of pre-exercise glutamine supplementation and the influence of a prior acute bout of glycogen-reducing exercise on the general stress and immune response to acute high-intensity cycling.
Introduction
Glutamine is primarily synthesised and stored in skeletal muscle and the lungs and is the principal metabolic fuel for the small intestine enterocytes, and for lymphocytes, macrophages, and fibroblasts. 16 Under conditions of severe stress (such as trauma, burns, surgery or sepsis), 2, 13 these rapidly replicating cells exhibit accelerated use of glutamine, 2 which may result in a 35 -50% decrease in plasma glutamine concentrations that lasts for several days.
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Similarly, acute, prolonged, exhaustive exercise resulted in a ≈25% decrease in plasma glutamine concentration, which lasted for 6 -9 hours after a marathon. 4 Reports of decreased plasma glutamine levels in overtrained athletes at rest 23, 27 suggest that long-term chronic exercise stress may result in a chronically depressed plasma glutamine concentration. In the absence of exercise, cortisol infusions in humans resulted in decreased circulating glutamine concentration after 8 hours, 13 indicating that increased glucocorticoid levels are an important factor influencing glutamine turnover. Considered together, these 4 studies indicate the following: firstly, that exercise stress increases glutamine utilisation rate, secondly that glutamine stores are not readily available during or after exercise, and thirdly that these effects may be mediated by cortisol. Much evidence exists for the negative effects of long-duration endurance exercise on both the non-specific and the specific immune system, including decreased lymphocyte proliferative ability, impaired neutrophil function, impaired antibody synthesis and a decreased CD4 + :CD8 + ratio. 17, 19, 21, 29, 30 Together these results suggest a possible link between decreased availability of glutamine after exercise stress exposure and post-exercise immune suppression.
However, this 'glutamine hypothesis' has recently been contested. 14, 37 The majority of in vitro studies illustrating mine supplementation was associated with greater postexercise decreases in CD4 + count (p = 0.07) and CD4
+ : CD8
+ ratio (p = 0.01) after glycogen-reducing exercise.
Conclusions.
We conclude that pre-exercise glutamine supplementation may have an anticortisol effect by enhancing the DHEAS response to exercise stress. The suppressive effect of glutamine supplementation on CD4
CD8
+ ratio and its positive effect on monocyte count after repeated bouts of exercise warrants further investigation.
suppressed immune capacity used concentrations of glutamine below 100 μM. 24, 26 However, serum glutamine concentration decreases by only ≈10 -20% after strenuous exercise, so that post-exercise glutamine levels are usually maintained at a level in excess of 400 μM. 14 Furthermore, while oral glutamine supplementation during the last 30 minutes of a 2-hour exercise bout (laboratory-based cycling) attenuated the decrease in plasma glutamine concentration, it had no effect on the exercise-induced decrease in lipopolysaccharide (LPS)-induced neutrophil elastase release or PMA-stimulated neutrophil oxidative burst capacity. 36 These studies suggest that plasma glutamine concentration is unlikely to play an important role in the maintenance of the immune response to exercise stress.
Despite the recent contention that glutamine 'is not the link' responsible for exercise-induced immune suppression, 14 a gap exists in the literature with regard to the timing of glutamine supplementation. Most in vivo studies reporting no effect of glutamine supplementation administered glutamine either post-exercise 25 or during the later stages of exercise, 36 in other words at a time when immune cell function is already compromised. Recently, administration of a single dose of glutamine prior to an acute high-intensity exercise bout, was reported to prevent decreases in post-exercise glutamine levels in female runners. 34 It is therefore possible that the timing of glutamine supplementation may be an important factor influencing its effect in vivo.
Given the reported involvement of cortisol in glutamine metabolism, 13 it is possible that pre-exercise glutamine supplementation may alter the cortisol response to acute exercise. In turn, given the known negative effects of cortisol on inflammation and TH1-mediated immune function, 6, 8, 15 an effect of glutamine on immune function may not be direct, but only discernible in the context of its influence on endocrine parameters. Since the cortisol antagonist dehydroepiandrosterone (DHEA) is known to have an opposing effect to cortisol on immune function, 7, 33 assessment of this parameter in conjunction with cortisol should provide a more complete picture of possible beneficial effects of glutamine supplementation.
Therefore, the main purpose of this study was to determine the effect of pre-exercise oral glutamine supplementation on: (i) the general endocrine stress response to an acute bout of high-intensity cycling exercise simulating competition; and (ii) changes in immune cell distribution as a result of this exercise. A second purpose was to investigate the response of these parameters for the same simulated competition, but under more extreme conditions, by inducing low glycogen levels with an acute exercise bout 1 day prior to the simulated competition.
Methods

Subject recruitment.
Eight healthy, sub-elite, competitive male off-road cyclists were recruited. Prior to this study, all participants had taken part in at least 1 competitive cross-country mountain bike league event during the racing season in which the study took place. Smokers, as well as individuals taking daily vitamins or other dietary supplements, were excluded from the study. Subjects were instructed to refrain from using any supplements for the duration of the protocol. Informed, written consent was obtained from all volunteers before admittance into the study. The study protocol was approved by the Stellenbosch University Ethics Committee.
Exercise intervention
This double-blind, cross-over design study consisted of 4 simulated mountain bike races, each separated by 1 week. The race took place on a known mountain biking route with a total distance of 20 km. Due to logistic difficulty, the exact racing times for each participant could not be recorded. However, all races were ≈60 minutes in duration, which is in accordance with race times recorded for actual competitive events on the same route. For each race, subjects were required to arrive at the laboratory fasted at 08h00. A blood sample was collected, after which each subject received 300 ml of either a glutamine drink (low-calorie drink plus 5 g glutamine) or placebo (low-calorie drink only). Subjects warmed up doing an easy 10 km road cycle to the race venue, and competed in a simulated race that started 30 minutes after taking the glutamine/placebo drink. (Plasma glutamine concentration was previously reported to double within 30 minutes after a supplementation protocol similar to the one used in our study.
3 ) Immediately after finishing the race, another blood sample was obtained. For 2 of the 4 races, normal repletion of glycogen stores was achieved by subjects refraining from training or any other form of exercise for at least 24 hours before the race, as well as eating a carbohydrate-rich supper the evening before the race. Two hours of cycling exercise at ≈64% VO2max was previously shown to result in an average decrease in muscle glycogen content from 80 to 18 mmol glucose units/ kg muscle wet weight. 11 Taking this protocol into account, for the other 2 races, a significant reduction in glycogen levels was induced by a 3-hour late afternoon cycle while drinking water only, followed by a low-carbohydrate supper the evening before the race. Although portion size and quantity were not specified, a list of foods from which to choose was supplied for both meal types, and subjects were instructed not to deviate from this. All races were randomised for glutamine/placebo, but not for glycogen depletion/control. This was done to ensure equal relative competitiveness and motivation of all subjects during all races, especially for races 1 day after glycogen-depleting exercise.
Sample collection
Blood was obtained by venepuncture of a forearm vein by experienced phlebotomists at all time points. Whole blood was collected in BD vacutainers (Preanalytical Solutions, Plymouth, UK). EDTA-anticoagulated blood samples were collected for total and differential white blood cell (WBC) count and haematocrit determination. Lithium heparin-anticoagulated blood samples were collected for determination of T-cell subpopulations. A third blood sample, collected in a SST vacutainer, was allowed to clot at room temperature for 10 minutes, centrifuged at 3000 rpm for 10 minutes at 4°C, and frozen at -80°C for subsequent batch analysis of serum cortisol and DHEA-sulphate (DHEAS) concentrations.
Sample analysis
EDTA-anticoagulated blood samples were kept at room temperature and analysed within 4 hours after collection for total and differential WBC counts, as well as haematocrit, by automated analysis (Coulter STKS, Beckman/Coulter, Fullerton, Calif.). Heparinised blood samples were also kept at room temperature and analysed within 4 hours for T-cell subpopulations using standard 3-colour flow cytometry. Automated analysers were used for determination of serum cortisol (Access B module 81600, Beckman/Coulter, Fullerton, Calif.) and DHEAS (Immulite I, Diagnostic Products Corporation, Los Angeles, Calif.) concentrations.
Statistical analysis
All results are presented as means ± standard error of the mean (SEM). Effects of glutamine supplementation and prior exercise on parameters investigated, were assessed using repeated measures factorial analysis of variance (ANOVA). Differences between groups were determined using Bonferroni's post hoc tests. Level of significance was set at p < 0.05.
Results
Two athletes competed in only 1 race each, after which they withdrew from the study due to injuries unrelated to the study protocol. The data obtained for these 2 subjects were excluded from the analyses illustrated below. All subjects were questioned about episodes of illness in the week prior to each race to prevent illness from confounding results obtained. Only 1 subject reported such an episode (sore throat for 2 days which was treated only for symptoms). In this case, the subject was not allowed to take part in the study protocol for a period of 1 week. Due to problems not related to the study, 3 other subjects also failed to take part in 1 of the simulated races. Therefore, these 4 subjects together took part in a fifth race, 1 week after the last race, to finish the protocol.
Average age, height and body mass of the participants were 28 ± 5 years, 180 ± 3 cm and 76 ± 7 kg respectively. Haematocrit values changed significantly from before to after exercise (0.45 ± 0.003 v. 0.46 ± 0.004, p < 0.01). Therefore, all post-exercise values were adjusted according to the percentage change in haematocrit, to correct for changes in plasma volume, prior to statistical analysis.
A main effect of racing exercise was an increase in cortisol concentration from baseline (p < 0.0001, Fig. 1 ), which was independent of both glutamine supplementation and prior glycogen-reducing exercise. DHEAS concentration was also increased as a result of racing exercise (before 10.7 ± 0.9 v. after 14.0 ± 1.1 umol/l, p < 0.05). Glutamine supplementation was associated with a tendency for greater relative change in DHEAs concentration in response to racing exercise, independent of prior glycogen-reducing exercise (p = 0.07, Fig. 2) . However, the cortisol: DHEAS ratio was not different between treatment groups (main effect of treatment: p = 0.97). and total lymphocyte (before 1.80 ± 0.12 v. after 2.03 ± 0.18 x 10 3 cells/ul, p = 0.42) counts were not significant.
While the racing exercise-induced changes in neutrophil and total lymphocyte counts were independent of both glutamine supplementation and previous glycogen-reducing exercise, there was a main effect of glycogen-reducing exercise on the response of WBC (p = 0.06) and monocytes (p = 0.05) to racing exercise, with greater increases in cell count after glycogen-reduction than in the rested, glycogenreplete state, independent of glutamine supplementation (Fig. 3) .
Although the total lymphocyte count did not change significantly as a result of simulated racing exercise, with no apparent effect of either glutamine supplementation or prior glycogen-reducing exercise, a clearer picture is obtained by considering changes in T-lymphocyte subpopulation distribution. Racing exercise had a significant main effect on relative CD4
+ cell count, which decreased significantly after exercise (before 40.7 ± 1.1 v. after 36.5 ± 1.0%, p < 0.005). Furthermore, while the percentage of CD8 + cells relative to the total lymphocyte count was not significantly influenced by racing exercise, glutamine supplementation or prior glycogenreducing exercise (p = 0.11, Fig. 4a ), there was a tendency for an interaction effect of glutamine supplementation and glycogen reduction on the relative CD4 + cell (p = 0.07, Fig.   4b ) response to racing exercise. This resulted in a significant interaction effect of glutamine supplementation and glycogen reduction on the CD4 + :CD8 + ratio (p = 0.01, Fig. 4c ), so that the decrease in CD4 + :CD8 + ratio was significantly greater when glutamine-supplemented when compared to placebo, after glycogen reduction (p < 0.05, Fig. 4c ), but with no apparent differences when rested and glycogen-replete. However, despite this decrease, average CD4 + :CD8 + ratio remained within the expected range for athletes throughout the protocol (before 1.84 ± 0.12 v. after 1.62 ± 0.09).
Discussion
Our results illustrate the following main findings: (i) that in the presence of prior glycogen-reducing exercise glutamine supplementation results in greater increases from baseline in total WBC and monocyte counts after simulated racing exercise; (ii) that glutamine supplementation may play a role in increasing DHEAS levels in a stress situation irrespective of glycogen availability; and (iii) that glutamine supplementation affects the relative distribution of T-lymphocyte subpopulations in response to exercise under competition conditions with insufficient glycogen availability.
Mountain biking was recently characterised as an intermittent high-intensity endurance sport, with heart rate during a race ranging from 165 to 205 beats per minute (bpm) (mean of 91% of maximum heart rate previously assessed in a laboratory setting). 32 Due to the nature of the terrain there are great fluctuations in power output (range 50 -400 W) for male participants in national and international racing events. 32 While running and road cycling require a more or less constant, continuous effort, mountain biking therefore displays a succession of very high and lower power requirements, necessitating bursts of both power and endurance, and therefore both anaerobic and aerobic fitness.
In agreement with earlier studies of endurance athletes, 9, 10, 18 cortisol increased from baseline to post-exercise.
However, in addition our results also suggest an indirect anticortisol effect of glutamine, since glutamine-supplemented groups exhibited greater increases in DHEAS concentrations in response to exercise, compared with placebo groups ( Fig. 2) . Glutamine is known to play a role in amino acid synthesis, 16 and both glutamine and testosterone were reported to prevent glucocorticoid-induced muscle atrophy in animal and human models. 28 Our result suggests that glutamine-enhanced DHEAS synthesis may be a possible mechanism for this beneficial effect, via an increased capacity for testosterone production. Maintenance of DHEAS levels is also associated with positive outcomes in situations of increased stress, 1,7 while chronic decreased serum DHEAS concentration is associated with progression of various chronic diseases. 5, 12, 35, 38 It is therefore of importance to investigate this potentially beneficial effect of glutamine more comprehensively in this and other appropriate models of stress.
Our result of an effect of repeated exercise bouts on total WBC and monocyte count is in partial agreement with the association reported between the magnitude of increase in WBC counts and the severity of stress, 17, 20 with the exception that our results do not illustrate an association between neutrophil or total lymphocyte count and glycogen status. Also, our results are in agreement with previous studies, that neither total WBC, nor differential WBC counts post-exercise were significantly influenced by glutamine supplementation.
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However, if glutamine supplementation is not considered as a main effect (groups GS-R and GS-D) but only in the context of the more severe condition of simulated stage racing with insufficient glycogen supplementation, a different conclusion is reached.
Our results indicate an interaction effect of glutamine and prior glycogen-reducing exercise on T-cell subpopulation distribution, so that the magnitude of exercise-induced decrease in the CD4 +
:CD8
+ ratio is significantly greater after glutamine supplementation when exercise is started in a state of reduced glycogen availability. A possible explanation is that glutamine indirectly affected the CD4 + :CD8 + ratio by enhancing DHEAS release. DHEAS is known to increase interleukin-2 (IL-2) secretion, 7 which enhances the TH1 response, 31 which includes enhanced differentiation and proliferation of (CD8 + ) cytotoxic and suppressor T-cells to improve cell-mediated immunity. Therefore, while glutamine may not have a direct effect on immune cell function, it may be indirectly beneficial to cell-mediated immune function.
Conclusion
The results show that supplementation with glutamine before exercise may have an indirect anticortisol effect by increasing the DHEAS response to exercise. However, this possible effect requires validation in a larger subject group. In addition, b) Statistical analysis: Main effects ANOVA showed a main effect of exercise (p < 0.005) and a tendency for an interaction effect of glutamine supplementation and prior glycogen-reducing exercise (p = 0.07), but no effect of glutamine supplementation or prior glycogen-reducing exercise alone. Bonferroni's post hoc analysis showed no difference between groups. Error bars indicate SEM. a) Statistical analysis: Main effects ANOVA showed no effect of exercise, glutamine supplementation, prior glycogenreducing exercise or an interaction between two or more predictors. Bonferroni's post hoc analysis showed no difference between groups. Error bars indicate SEM. 
